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Electron capture and loss by kilo-electron-volt oxygen atoms in collisions
with He, H2, N2, and 02
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Absolute differential cross sections are reported for electron capture and Igds-BykeV oxygen atoms
incident on He, H, N,, and G for scattering angles between 0.02° and 1.73° in the laboratory frame. The form
of the differential cross sections is seen to vary significantly with energy and between different targets.
Differences between the present O-atom electron-loss cross sections and those for H atoms reported previously
imply that the underlying physical mechanism may not be the same. The integral cross sections, also reported
here, are consistent with most previous studies. The consensus of the available electron-loss data suggests that
the cross sections of Foget al. [Soviet Phys. JETR5, 601(1959] are in error.
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I. INTRODUCTION sent a comprehensive set of oxygen charge-changing data for

The importance of charge-changing processes in keV'S€ by atmospheric modelers.

atomic collisions is well established, and these reactions
have been studied very extensively both experimentally and !l APPARATUS AND EXPERIMENTAL METHOD

theoretically. The bulk of the prior work has, however, fo- 11 apparatus shown in Fig. 1 and the experimental

cused on the simplest processes and the most accessible cQlathod have both been described in detail previolss).
lision systems, while more technically formidable reactions,cq is admitted to a magnetically confined plasma ion
such as those considered here, have received scant attentiQg,;rce |ons are extracted from the source through a small

The only previously reported measurements of O-atom Capspertyre, accelerated, and focused to form a beam of the

ture and loss cross sections at energies below 1 MeV knowgggijreq energy. Two confocal 60-sector magnets are used to
to us are the total cross section measurements of FG8!  ggjact jons of the desired mass-to-charge ratio. Théo@s
[1], Jorgenseret al. [2], Olsen and Hvelplund3], and  hen enter a charge-transfer cglITC) where some of them

Brackmann and Fitg4], which together encompass the en- 5 converted to fast neutral O atoms via charge transfer with
ergy range 20 keV to 500 keV. There appear to be no priogg, An electric field(~300 V/cm applied via deflection

s’gudles for energies _below 20 keV_or that include an_gmarplates DP1 removes residual ions from the beam, and the O
differential cross section data. In this work, absolute differ-

ential cross section@CSs for electron capture and loss by atoms pass through a pair of laser-drilled apertures to form a
e beam with an angular divergence of approximately 0.006°.
(1-5-keV O atoms incident on He, - N,, and Q for 9 g PP y

The collimated O beam passes through a short target cell and

scattering angles between 0.02‘.’ and 1.73° in the_Iab.oratori}cnpactS a position-sensitive deteci®SD? located 68 cm
frame are presented, together with the corresponding 'ntegrB'eyond the target cell. A set of deflection plat@P2) is

cross sections. utilized to deflect fast product ions emerging from the target

While some of the processes chosen for study h_ere ar€ell through an angle of approximately 5° onto a second
relevant to controlled fusion edge plasni&$ and particle position-sensitive detectgPSD2.

precipitation into the Jovian atmosph¢83, the main area of * |y orger to measure the differential electron-capture or
application of the present measurements is modeling of €nyggq cross section, a target gas is admitted to the target cell
ergetic particle precipitation into the earth's upper atmo-,ng the angles of scatter of the- @r O ions, formed

sphere. Significant fluxes of energetic oxygen ions and NeUhrough electron capture or loss by the primary O atoms, are
tral atoms have been observed during geomagnetic SOrMEyiermined from their positions of impact on PSD2. The
[7], and the effect of these particle fluxes on the atmosphergy_5i3m flux incident on the target is determined by combin-
is dependent on the magnitude of the various cross sectioriﬁg the number of O atoms that impact PSD1 with the num-
for collision with atmospheric neutral species and on the,q, of oxygen ions produced. These measurements, together
angular distribution of the scattered partic[8. Cross sec- it the target number density, the target length, and the
tions for charge transfer of Oions are already available (o|ative detection efficiency of the two PSDs, are sufficient
[2,9-14 and, together with the present measurements, réprgg getermine the absolute differential and integral cross sec-
tions.
Measurement of the target number density and target
*Present address: School of Applied and Engineering Physicdength is straightforward but evaluation of the PSD’s relative
College of Engineering, Cornell University, Clark Hall, Ithaca, NY detection efficiency requires that a number of factors be con-
14853-2501, USA. sidered[16,17. It has been shown previously that the detec-
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FIG. 1. Schematic of the apparatus.

tion efficiency of this type of PSD is essentially identical for
ions and atoms at these enerdi&g], is invariant over a very
wide range of ion massg47], and is primarily determined
by the open-area ratio of the first microchannel plate when
the device is appropriately biasgt7]. In this instance, rela- (a) — T — T .
tive calibration of the two PSDs, for both ions and atoms, is C
therefore accomplished by alternately deflecting aridd
beam onto PSD1 and PSD2. In practice, the detection effi-
ciencies are quite similar: PSD2’s efficiency is 6—12 % lower
than that for PSD1, depending upon the energy of the inci-

10*

dent ions. 10° ¢ 5

As indicated in the Introduction, the scattering processes do@yae — E 3
studied here present formidable experimental difficulties. @9 <™ [ ]
Perhaps chief among these is the potential influence of an 10

excited O atoms that may be present in the projectile bean
on the measurements. The effect of internal energy on
O-atom electron-capture and -loss cross sections does nc
appear to have been studied previously, but it is well known
that metastable oxygen ions often have significantly different T
electron-transfer cross sections from ground-state oxyger Laboratory angle 8 (deg)
ions[10], and it is reasonable to suppose that the capture an
loss cross sections studied here may depend upon the intern(b) Lo Lo '
energy of the O atoms. B T
As the O-atom beam is produced via charge transfer of ar L
O* beam, the electronic state of the O atoms is influenced by
the electronic state of the *Oprecursor ions, the charge- 10° k
transfer gas used, and the ions’ kinetic energy. The energ) C

10!

I
S [rTmm
=

defects for the reaction channels through which the atoms ar do(0)/dQ
produced are also extremely important, as it has been show (10" %m’sr")
repeatedly that charge transfer is most likely to occur via

reaction channels with small energy defects, and that chan -
nels with significant energy defects are often suppressec

quite dramatically[10-13; this effect is energy dependent 10?
and decreases as the kinetic energy increases. It is also wor

noting that the influence of these various factors has only e e e S R
been established qualitatively, e.g., by Lindsay and Latimer 001 01 !
[19]. Here, CQ is utilized as the charge-transfer gas because Laboratory angle § (deg)

reaction of either *S) ground-state or G°D,’P) meta- FIG. 2. Comparison of the differential cross sections ar
stable ions, which are produced by the ion source in compaelectron capture an) electron loss by 3-keV O atoms in colli-
rable numberg$11,2Q, is likely to result in the formation of sions with N, using CQ, N,, and Kr charge-transfer gases. With
O(P) ground-state atoms due to the availability of near-CO, (®); N, (—); Kr (- - -).
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FIG. 3. Absolute differential cross sections for electron loss by O atoms in collisions(&itHe, (b) H,, (¢) N,, and(d) O,. For

convenience of presentation the data have been multiplied by the factors indicated.

resonant reaction channels with small energy defd€21]. Based on the above qualitative argument, it is reasonable
Undoubtedly, some OD) and Q'S metastable atoms will to expect that the use of GQill result in an O beam con-
also be produced, but because the energy defects involvesisting primarily of G°P) atoms, but the possibility that the
are greater than for formation of (&) atoms they will be  results may be affected by residual metastables is by no
formed in smaller numbers. means precluded. Therefore, to check for the influence of
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FIG. 4. Absolute differential cross sections for electron capture by O atoms in collisiongawit, (b) N,, and(c) O,. For convenience
of presentation the data have been multiplied by the factors indicated.

TABLE I. Laboratory frame differential O-He electron-loss cross sections, wkeig the projectile
energy and the numbers in square brackets represent powers of ten.

do(6)/dQ (10718 e srd)

Laboratory

angle 6 (deg E=2 keV E=3 keV E=4 keV E=5 keV

0.020+0.015 9.67+4.0Q]
0.048+0.015 2.79+1.19] 7.52+2.172] 1.79+0.323]
0.075+0.015 2.82+1.12] 7.56+1.962] 2.88+0.323]
0.157+0.015 8.10+1.1@] 2.44+0.203] 4.41+0.273]
0.280+0.025 3.74+0.42] 1.37+0.073] 2.63+0.093] 3.56+0.113]
0.525+0.025 6.04+0.38] 9.17+0.402] 1.12+0.043] 1.33+0.0%3]
0.968+0.056 2.29+0.13] 3.14+0.122] 2.61+0.112] 2.32+£0.122]
1.732+0.056 8.54+1.22] 7.72+1.021] 4.35+1.001] 7.22+1.061]

TABLE Il. Laboratory frame differential O-Kl electron-loss cross sections, whédfeis the projectile
energy and the numbers in square brackets represent powers of ten.

do(6)/dQ (10716 cn? srY)

Laboratory

angled (deg E=3 keV E=4 keV E=5 keV

0.020+0.015 4.59+3.1Q] 6.83+2.422] 1.80+0.513]
0.048+0.015 1.34+0.72] 4.57+1.592] 1.27+0.273]
0.075%0.015 1.28+0.72] 1.28+1.222] 9.18+1.802]
0.157+0.015 7.28+4.60] 3.12+0.682] 4.27+0.922]
0.280+0.025 7.05+2.06] 1.62+0.262] 2.70+0.382]
0.525+0.025 4.25+1.41] 9.91+1.601] 1.05+0.212]
0.968+0.056 1.81+0.99] 2.52+0.671] 3.88+0.811]
1.732+0.056 2.09+0.93]
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TABLE lll. Laboratory frame differential O-B electron-loss cross sections, whéfds the projectile
energy and the numbers in square brackets represent powers of ten.

do(6)/dQ (10716 cm srt)

Laboratory

angle 6 (deg E=2 keV E=3 keV E=4 keV E=5 keV

0.020+0.015 3.95+3.13] 1.58+0.433] 4.40+0.733] 9.93+1.1%3]
0.048+0.015 6.51+2.02] 1.21+0.2%3] 4.39+0.503] 6.39+0.613]
0.075+0.015 4.16+1.52] 1.15+0.183] 2.71+0.323] 5.01+0.423]
0.157+0.015 2.46+0.92] 1.13+0.133] 1.93+0.183] 3.17+0.243]
0.280+0.025 3.59+0.42] 7.9310.482] 1.26+0.073] 2.07+0.083]
0.525+0.025 2.90+0.3Q] 4.31+0.282] 5.75+0.382] 7.15+0.392]
0.968+0.056 1.50£0.12] 1.48+0.092] 1.71+£0.102] 2.40+0.122]
1.732+0.056 4.47+1.18] 9.30+1.1%1] 6.14+1.091] 7.91+1.131]

TABLE IV. Laboratory frame differential O-@ electron-loss cross sections, whetds the projectile
energy and the numbers in square brackets represent powers of ten.

do(6)/dQ (10716 cn? srY

Laboratory

angled (deg E=2 keV E=3 keV E=4 keV E=5 keV

0.020+0.015 1.08+0.43] 3.63+0.673] 6.58+1.313]
0.048+0.015 3.48+1.52] 1.87+0.353] 3.12+0.443] 6.16+0.823]
0.075+0.015 2.67+1.39] 7.65+1.852] 2.14+0.293] 6.37+0.683]
0.157+0.015 2.63+1.02] 1.10+0.153] 2.27+0.203] 4.06+0.373]
0.280+0.025 3.30+0.42] 1.02+0.063] 1.85+0.083] 3.22+0.143]
0.525£0.025 4.71+0.38] 8.15+0.412] 1.05+0.0%3] 1.46+0.073]
0.968+0.056 2.60+0.12] 3.56+0.142] 3.63+0.182] 4.30+0.192]
1.732+0.056 9.63+1.34] 1.00+0.122] 1.04+0.122] 1.22+0.182]

TABLE V. Laboratory frame differential O-klelectron-capture cross sections, wherés the projectile
energy and the numbers in square brackets represent powers of ten.

do(6)/dQ (10716 cn? srY

Laboratory

angled (deg E=2 keV E=3 keV E=4 keV E=5 keV

0.020£0.015 4.95+3.3Q] 3.82+0.543] 1.29+0.124] 2.56+0.184]
0.048+0.015 4.95+1.92] 2.24+0.273] 5.15+0.513] 8.43+0.683]
0.075+£0.015 1.40+1.3Q] 1.07+0.163] 2.55+0.303] 4.32+0.403]
0.157+£0.015 1.72+0.73] 3.56+0.682] 5.12+1.012] 7.10+1.212]
0.280+0.025 7.95+3.04] 1.82+0.232] 1.75+0.292] 2.21+0.362]
0.525+0.025 3.68+1.36] 3.59+1.721] 7.51+2.301]
0.968+0.056 1.13+£0.88] 1.22+0.5%1] 1.66+0.751] 1.51+0.921]
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TABLE VI. Laboratory frame differential O-M electron-capture cross sections, wheérés the projectile energy and the numbers in

square brackets represent powers of ten.

do(6)/dQ (1076 cnP st

Laboratory

angle g (deg E=1 keV E=2 keV E=3 keV E=4 keV E=5 keV
0.020+0.015 3.55+0.99] 1.37+0.174] 3.11+0.194] 5.70+0.274]
0.048+0.015 1.16+0.48] 2.43+0.313] 7.23+0.803] 1.58+0.094] 2.23+0.114]
0.075+0.015 6.10+2.93] 1.88+0.253] 4.86+0.523] 7.99+0.493] 1.22+0.074]
0.157+0.015 3.00+1.6Q] 8.50+1.142] 1.62+0.223] 2.28+0.193] 2.69+0.213]
0.280+0.025 1.48+0.99] 3.66+0.372] 6.13+0.642] 6.76+0.462] 7.20+0.582]
0.525+0.025 1.38+0.42] 1.33+£0.212] 1.71+0.302] 1.02+0.192] 6.86+2.271]
0.968+0.056 3.33+0.84] 4.57+1.091] 2.13+0.741]

TABLE VII. Laboratory frame differential O-@ electron-capture cross sections, wherés the projectile energy and the numbers in
square brackets represent powers of ten.

do(6)/dQ (10716 e srt)

Laboratory

angle 6 (deg E=1 keV E=2 keV E=3 keV E=4 keV E=5 keV
0.020+0.015 4.46+1.08] 2.81+0.164] 4.10+0.234] 6.21+0.274] 8.27+0.304]
0.048+0.015 2.78+0.99] 1.08+0.074] 1.40+0.094] 1.95+0.104] 2.43+0.114]
0.075+0.015 2.99+0.43] 4.90+0.373] 6.00+0.4%3] 7.35+0.493] 1.03+0.064]
0.157+0.015 8.08+2.02] 1.14+0.133] 1.41+0.163] 2.40+0.203] 2.93+0.223]
0.280+0.025 2.01+0.6Q] 4.85+0.412] 6.60+0.512] 7.85+0.502] 7.46+0.522]
0.525+0.025 1.24+0.4Q] 1.62+0.222] 1.62+0.222] 9.47+1.981] 8.07+2.171]
0.968+0.056 2.77+1.82] 3.13+0.881] 1.95+0.751]

TABLE VIII. Absolute integral electron-loss and electron-capture cross sections for O onHi,Hand Q. The angular range for the

integral cross sections is 0°—1.79°.

Electron losg(10716 cn?)

Electron capturé10716 cn?)

Energy

(keV) He H, N, 0, H, N, 0,
1 0.182+0.026 0.137+0.020  0.173+0.024 0.113+0.019  0.174+0.025
2 0.629+0.068  0.0235+0.0073  0.355+0.039  0.627+0.068  0.0423+0.0078  0.162+0.019  0.256+0.028
3 0.900+0.092  0.0576+0.0073  0.550+0.057  0.993+0.102  0.0839+0.0095  0.288+0.031  0.288+0.030
4 1.08+0.11 0.0930+0.0108  0.732+0.074 1.21+0.12 0.107+0.012 0.316+0.033  0.330+0.034
5 1.29+0.13 0.148+0.016 0.992+0.100 1.57+0.16 0.152+0.017 0.338+0.035  0.394+0.040
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FIG. 5. Integral cross sections for electron loss by O atoms in collisions(@ithe, (b) H,, (¢) N,, and(d) O, compared to previous total

cross section measurements. Present re@ltsFogelet al. [1] (O); Jorgenseret al.[2] ({J); Olsen and Hvelplun3] (¢ ); Brackmann and
Fite [4] (A).

metastables, tests were carried out using two other chargethers, and the agreement for the electron-loss process is also
transfer gases, Nand Kr. As for CQ, collisions of O with  quite good, except at very small angles. Based upon the data
N, seem likely to result in production of @P) products in Fig. 2, a persuasive argument may be made that the use of
[10,11, but, due to the position of the energy levels in Kr, it CO, as a charge-transfer gas results in a primarily ground-
is probable that collisions of ©’D) and O (°P) metastable state O beam, and that the influence of metastable O atoms
ions with Kr will result in formation of a significant number on the reported data is not significant.

of O(*D) and '9) excited atoms. The DCSs for electron  Another experimental difficulty arises from the fact that
capture and loss obtained using the three charge-transfére measured cross sections are generally quite small com-
gases are shown in Fig. 2. Clearly, the data obtained usingared to those for reneutralization of the charged products. It
CO, and N, agree very well, providing strong evidence that is therefore necessary to adjust conditions in the target cell so
both gases result in production of ®) atoms and that the that the probability is low that a charged product ion is re-
effect of any residual metastables is small. For Kr, theneutralized after it is formed. To this end, the pressure in the
electron-capture results are in excellent agreement with th&.4-mm-long target cell is maintained at approximately

042701-7



LINDSAY et al.

()

10 prrr

(b)

PHYSICAL REVIEW A 70, 042701(2004)

©

—_

#Y

st

%ﬁﬁg

Cross section (10'16 cmz)
Cross section (107" cm?)
Cross section (107" cm?)

00t bowd v v vl el e T TN BT

1 10 100 1000 1 10 100 1000 1 10 100 1000

O-atom energy (keV) O-atom energy (keV) O-atom energy (keV)

FIG. 6. Integral cross sections for electron capture by O atoms in collisiongaith,, (b) N,, and(c) O, compared to previous total

cross section measurements. Present re@lbtsFogelet al. [1] (O); Jorgenseret al. [2] (O); Olsen and Hvelplun@3] (¢ ); Brackmann and
Fite [4] (D).

35 mtorr, which allows for reasonable count rates whileother targets, and it appears that glancing, large-impact-
keeping secondary collisions to an acceptable level. This aparameter O—He.collisions are urllikely to result. in produc-
rangement is necessarily a compromise, and corrections of &ion of O". There is some suggestion of structure in the DCSs
much as 8% are made to the electron-loss cross sectiorigly.lt, given 'ghe_ statisti.cal scatter in the data, it is difficult to
utilizing published cross section dgtkl—13, to account for  say how significant it may be. The electron-capture cross
the loss of O ions via charge transfer. Such corrections can-Sections, which are shown in Fig. 4, are plainly more forward
not be made for the electron-capture cross sections becauBgaked than those for electron loss and show no discernible
information on electron loss by Oons is virtually nonex- st_rtLrl]cturzg.hTtohour knowtledgel,t no Othﬁreec);prﬁr'gzgtgln%attﬁe%):g
istent. The high-energy_ measurements of .Jorgeaseh (2] ;N:’:U g)plrcoacheegr:rseeﬂoﬁ/seut v?/ernaeﬁough depveloped to handle
suggest that the magnltude_ of th_e correction needed for th ese types of collision problems. The few calculations that
electron-capture cross sections is also on the order of 8%. : f her th ) d h d
Note that no correction is needed for He because the OSC available are for H rather than O, and even these do not

S agree satisfactorily with experiment in this energy range
-He charge-transfer cross section is very sriipdl. ézz]

Bec_ause_ of the finite angular range subten_ded by the de- It is perhaps worth comparing this study with the earlier
tector in this t_yp(_e of experiment, it is not pos_5|ble tO.CO”eCtH-atom study by Smitfet al. [15], which considered scatter-
all of the fgst ionic prqducts. The extent to wh|ch the mtegraling by He, Ar, H, Ny, and Q. In that work, it was found that
cross section approximates the to.t‘?' cross section may, hov&“ of the H-atom electron-loss cross sections were forward
e e o v, T pRPe, nclucing i forHo. i, nconast 0 ngdad
the integral He and Kelectron loss cross sections and the &2 O-atom DCSs, which vary litle with angle at 2 kev,

: . . Smithet al. [15] found the analogous H-Nand H-G DCSs
electron capture cross sections, particularly at the higher Pray fall off just as rapidly at 2 keV as at 5 keV. In a pair of
jectlle ene_rgles,Tr;re ? reasgnable app_rtc;]xma}mn fto tuz tOtz?glated studies by Van 2zt al. [23] it was asserted that the
cross sections. The slower decrease with angie o tjwa; . functional forms of the electron-loss and direct-scattering
O, electron Ios; DCSs suggestg that the correspondmg m.t )CSs are similar, except at small angles. This conclusion is,
'?(:Thgr?()stzls(?r(gls(')sngei?iglrjllsd be viewed merely as lower IIm't?)y and large, supported_ by the Sméhal. [15] Qata for the

: targets that they studied also. However, if the present
electron-loss data are compared to the O-atom direct-

scattering measurements of Sméhal. [24], the dissimilar-
The measured differential electron-capture and -loss crossy is quite obvious; the present low-energy DCSs are very

sections are shown in Fig. 3 and Fig. 4, and selected valugauch flatter than the direct-scattering measurements. The
are tabulated in Tables I-VII. In addition to the statisticalvery significant differences between electron loss by O and
uncertainties shown on the graphs, there are additional sysy H would seem to indicate underlying differences in the
tematic uncertainties that are generally £10—-15Vable reaction mechanisms. Interestingly, the H-capture data of
VIII'). The angular uncertainties arise from the finite primarySmith et al. [15] are similar to the present O-atom measure-
beam size and the angular resolution used for analysis. Froments, suggesting that these processes may be amenable to
Fig. 3, it can be seen that there is considerable variation iexplanation in terms of the same basic model.

the shapes of the electron-loss DCSs. The He data contrast The present integral cross sections and their associated
sharply with the more typical forward-peaked DCSs for theuncertainties are tabulated in Table VIII. The uncertainties

Ill. RESULTS AND DISCUSSION
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are primarily due to the PSD relative efficiency calibration,on He, H, N,, and Q for scattering angles between 0.02°
the uncertainty in the ratio of ion to atom detection efficien-and 1.73° in the laboratory frame. The form of the DCSs is
cies, and the repeatability of the measurements. The integraken to vary significantly with energy and between different
data are compared to the high-energy measurements of Fogalkgets. Differences between the present O-atom electron-
et al. [1], Jorgensert al.[2], Olsen and Hvelplun@3], and loss DCSs and those for H atoms reported by Srattfal.
Brackmann and Fitd4] in Figs. 5 and 6. Although the [15] imply that the underlying physical mechanism may not
present data do not overlap in energy with any of the othebe the same. The integral cross sections, also reported here,
work, it is readily apparent that the present electron-loss andre consistent with most previous high-energy studies. The
electron-capture cross sections are consistent with those obnsensus of the available electron-loss data suggests that
the other workers, with the exception of the electron-losghe cross sections of Foget al. [1] are in error.

data of Fogekt al.[1]. The consensus formed by the present While the present work very significantly advances our
data and those of Jorgensenal. [2], Olsen and Hvelplund knowledge of these processes, it also emphasizes the lack of
[3], and Brackmann and Fit¢4] clearly favors higher experimental data and the undeveloped state of theory.
electron-loss cross sections than reported by Fegal. [1],

indicating that the latter are pr ly in error.
dicating that the latter are probably in erro ACKNOWLEDGMENTS
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